Using a standard protocol, we conducted vertebrate roadkill surveys in the Greater Mapungubwe Transfrontier Conservation Area (GMTFCA), South Africa, which is a World Heritage Site. A total of 991 roadkill were recorded on the paved roads and 36 roadkill on the unpaved roads. Identifiable roadkill comprised 162 species from 24 orders and 65 families. Ninety-three roadkill could not be identified to species level. Roadkill counts were strongly influenced by road type and season. More roadkill was recorded on the paved than the unpaved roads. Irrespective of road type, the proportion of roadkill was greatest in the hot/wet season (4.3 paved roadkill/km/day paved and 1.3 roadkill/km/day unpaved) and lowest in the cold/dry season (2.0 roadkill/km/day paved and 0.1 roadkill/km/day unpaved). The high numbers of vertebrates identified as roadkill suggests that road traffic has the potential to directly and negatively affect biodiversity conservation in this part of South Africa. We recommend continued roadkill data collection across South Africa to assist with creating an inventory of species most likely to be at risk from roads. This will, in turn, better inform the implementation of potential mitigation measures.
INTRODUCTION
Growing concern about the ecological effects of roads has led to the emergence of road ecology as a scientific discipline (Forman, 2003; Fahrig & Rytwinski, 2009 ). Roads impact ecosystems in two ways; indirect impacts through fragmentation of habitat (Hels & Buchwald, 2001 ) and direct impacts via mortality (i.e. roadkill; Clevenger, Chruszcz & Gunson, 2003) . Roads therefore pose a threat to the survival of individual animals and entire populations.
Here, we use a uniform protocol for roadkill data collection (Collinson, Parker, Bernard, Reilly & Davies-Mostert,2014) , to document the species diversity of roadkill in the Greater Mapungubwe Transfrontier Conservation Area (GMTFCA), Limpopo province, South Africa. In addition, we assess the influence of season, road surface type and animal activity patterns on roadkill rates.
METHODS
Our study area was the GMTFCA (Fig. 1) which falls within the sub-tropical region of South Africa and is in a dry Savanna subregion of the Mopane Bioregion (Schulze & McGee, 1978) . The study area is characterized by hot (17-27°C) summers and mild (4-20°C) winters with occasional frost (Nel & Nel, 2009 ). The mean annual rainfall is 278 mm but can be as low as 154 mm during dry years and as high as 451 mm per annum during wetter years (Nel & Nel, 2009) . The rainy season is predominantly from November to March (summer) when the province receives 90% of its total annual rainfall (M'Marete, 2003) .
The area contains a high species richness of reptiles (~120 species; Branch, 1998), birds (³429 species; Hockey, Dean & Ryan, 2005) and mammals (~100 species; Skinner & Chimimba, 2005) , whilst amphibian species richness is low (~12 species; Braack, 2009). Several roads (paved and unpaved) traverse the area and elevated traffic volumes are anticipated as a result of expected increases in local mining and tourism activities (Collinson, 2013) . Both road types are single-lane roads with an average width of 6 m (range = 4-8 m), and a maximum speed of 60 km/h on the unpaved roads and 120 km/h on the paved roads. Mean traffic volume for the paved roads was 149 vehicles per day (range = 74-228 vehicles, S.D. = 37.6) and 11 vehicles per day (range = 7-16 vehicles, S.D. = 3.92) for the unpaved roads. The roads are bordered on either side by fences which range in height between 1.2 m and 2.4 m, and with 3 to 23 of wire strands. Some of the fences are electrified.
We drove transects 1.5 hours after sunrise, at a speed of 40-50 km/h, using a single, trained observer (Collinson, Parker, Bernard, Reilly & Davies-Mostert, 2014) . A 100 km section of paved road and a 20 km section of unpaved road were driven daily over three 40-day periods across the three ecological seasons (hot/dry; October/ November 2011, hot/wet; February/March 2012 and cold/dry; June/July 2012) (modified from Viljoen, 1989; Viljoen et al., 2008) from October 2011 to July 2012. Ecological seasons were selected over meteorological seasons because changes in animal behaviour (e.g. the timing of breeding) associated with these seasons were considered more likely to influence roadkill rates. Roadkill carcasses were only counted if they were detected on the road. Carcasses on road verges were excluded (Guinard, Julliard & Barbraud, 2012) .
We divided roadkills into four vertebrate classes, amphibians, reptiles, birds and mammals, and a fifth category for roadkill that could not be identified to class level ('unknown'). Each roadkill was further assigned to order, family, genus and species (Branch, 1998; Hockey, Dean & Ryan, 2005; Skinner & Chimimba, 2005; Carruthers & du Preez, 2011) .
Roadkill rates per day and per km were calculated for each class and the activity pattern of each species was classified as diurnal, nocturnal or crepuscular (Branch, 1998; Hockey, Dean & Ryan, 2005; Skinner & Chimimba, 2005; Carruthers & du Preez, 2011) . A photograph, the position on the road, and GPS coordinates (Garmin eTrex) were taken for each carcass to avoid recounts on consecutive days.
All statistical analyses were conducted using Statistica (v10, StatSoft, Inc. Tulsa, OK, U.S.A. 2011).
RESULTS
We drove a total of 14 400 km over 120 days (taking 498 hours to complete). Average transect duration was 180 minutes (range = 132-278 minutes) on the 100 km paved road and 33 minutes (range = 22-66 minutes) on the 20 km unpaved road.
Nine hundred and ninety-one roadkill items were observed on the 100 km paved road transect and 36 on the unpaved road. Carcasses comprised 162 species from 24 orders and 65 families; 93 carcasses could not be identified to species level (Table 1) .
With all the data pooled for each road type, roadkill count was strongly influenced by road type and season (c 2 = 11.40; d.f. = 2; P < 0.05). The proportion of roadkill was greatest in the hot/wet season (4.3 roadkill/km/day paved and 1.3 roadkill/km/day unpaved) and lowest in the cold/ dry season (2.0 roadkill/km/day paved and 0.1 roadkill/km/day unpaved: Table 1) .
Roadkill rates were highest for birds (1.5 roadkill/km paved and 0.2 roadkill/km unpaved; Table 2 ), lower but similar for reptiles (0.8 roadkill/ km paved and 0.1 roadkill/km unpaved; Table 2 ) and mammals (1 roadkill/km paved and 0.2 roadkill/km unpaved) and lowest for amphibians (0.2 roadkill/km paved and 0.0 roadkill/km unpaved). Season had a significant effect on roadkill occurrence (one way ANOVA; F (2,117) = 19.04, P<0.05), with birds being more frequent than other taxonomic groups during the hot seasons, and mammals being more frequent during the cold/dry season ( Table 2) .
All amphibian and 62% of mammal roadkill species were nocturnal (Skinner & Chimimba, 2005; Carruthers & du Preez, 2011 ; Appendix 1). Reptile activity was more evenly balanced, with 47% of roadkill species being diurnal and 41% nocturnal (Branch, 1998) . Most of the birds (80%) were diurnal (Hockey, Dean & Ryan, 2005) .
Of the taxonomic groups occurring in the GMTF-CA, 48% of the mammals in the area were commonly found as roadkill, followed by reptiles (28%), amphibians (27%), and birds (20%) (Appendix I). Of the three amphibian species detected as roadkill, the eastern olive toad (Amientophynus garmani) was the most abundant (86%; n = 41). The flap-neck chameleon (Chameleo dilipsis) was the most frequently recorded reptile species (19%; n = 45; Appendix 1). Eightyfive bird species were detected as roadkill with Helmeted Guineafowl (Numida meleagris) and the Nightjars (Caprimulgidae spp.) being the most frequently recorded (both 16%; n = 69). Scrub hares (Lepus saxatilis) accounted for almost 40% of all mammal roadkill (n = 300 individuals), followed by bushveld gerbils (Gerbilliscus leucogaster; 7%; n = 21) and African civets (Civettictis civetta; 5%;n =16; Appendix 1).
DISCUSSION
There is a paucity of data available for road ecology in Africa with only four previous studies focusing on roadkill (Siegfried, 1965 (Siegfried, , 1966 Eloff & van Niekerk, 2005 , 2008 Bullock, Malan & Pretorius, 2011) . Consequently, comparison of roadkill rates to other areas is difficult. However, broad, qualitative comparisons with global trends are possible.
Roadkill rates from our study were up to nine times higher (9.6 roadkill/100 km) for mammals (range = 0.06-8.6 roadkill/100 km; see Hell, Plavý, Slameka & GaÓparík, 2005; Smith-Patten & Patten, 2008) and up to 10 times higher for birds (10.46 roadkill/100 km), than other published studies (range = 0.007-1.14 roadkill/100 km; see Hell, Plavý, Slameka & GaÓparík, 2005; Bullock, Malan & Pretorius, 2011) . This suggests that our study area has high mammal and bird species abundance. Data for amphibians and reptiles were more difficult to compare due to a paucity of studies on these groups. However, the number of amphibian and reptile roadkill recorded, suggests that roadkill numbers in the GMTFCA are still higher than other (Braack, 2009; Carruthers & du Preez, 2011) . Our study serves as a catalogue of roadkill species in one important conservation area of South Africa, and whilst supporting previous work which shows a seasonal effect on road mortality rates (Clevenger, Chruszcz & Gunson, 2001; Mkanda & Chansa, 2011; Bullock, Malan & Pretorius, 2011) , further analysis of the determinants of roadkill is required. Seasons influence cycles of animal behaviour, with most activity occurring during the reproductive and dispersal periods (Branch, 1998; Hockey, Dean & Ryan, 2005; Skinner & Chimimba, 2005; Carruthers & du Preez, 2011) . The hot/wet season in southern Africa falls between February and May (Viljoen et al., 2008) and this is when animals are most active (Branch, 1998; Hockey, Dean & Ryan, 2005; Skinner & Chimimba, 2005; Carruthers & du Preez, 2011) , particularly near roads (Mkanda & Chansa, 2011) , and is when road wildlife mortality rates increase (Clevenger, Chruszcz & Gunson, 2001) .
It is important that future road ecology studies in South Africa expand the inventory of species at risk from roads. Animals are killed on roads, often irrespective of their taxonomic group. This highlights the need for further studies which examine trends relative to the country's economic development (such as mining and tourism, both of which require an extensive transport infrastructure).
Prolific and abundant roadkill species in the GMTFCA (such as eastern olive toad, flap-neck chameleon, Helmeted Guineafowl and scrub hare; Skinner & Chimimba, 2005; Appendix 1), often result in a cascade effect along the trophic hierarchy where scavenging animals seek out roadkill and often become roadkill themselves (Antworth, Pike & Stevens, 2005; Dean & Milton, 2003) . Furthermore, body size is often an excellent indicator of vulnerability to becoming roadkill (Barthelmess & Brooks, 2010) . For example, over one third of rodent species were found to have a high incidence of roadkill in total numbers in the GMTFCA (Appendix 1), but the impact on the population may be less than for a large mammal species, such as the African civet (that had 16 road mortalities recorded; Appendix 1) where reproductive rates are much slower and litter size is smaller (Feldhamer, 2007) . This can have important con- servation implications for species that are 'vulnerable', when coupled with other threats alongside roadkill. However, future work should not be limited to species categorised currently as 'at threat' since cumulative impacts on populations over time may be far-reaching. Roadkill occurrence data can provide information about the potential impacts of roads across different taxa, and can serve as a benchmark for monitoring such impacts in the face of changing land-use. Furthermore, roadkill data provides secondary opportunities to contribute towards national and regional biodiversity inventories and local species checklists.
CONCLUSION
Globally, road ecology research has gained in momentum since the 1980s. However, current South African legislative guidelines are inadequate for incorporating the indirect and direct effects of roads or their cumulative effects on local fauna. Despite roadkill databases being developed for South Africa, simply counting the number of dead animals on the road will not inform whether roads and vehicles are endangering the existence of populations or species (van der Ree, Jaeger, van der Grift & Clevenger, 2011). More intensive research is recommended to examine how and to what extent variables (such as season, habitat type and traffic volume) interact. The determinants of roadkill also need to be better understood to enable decisions to be made in designing roads (Taylor & Goldingay, 2010; van der Ree, Jaeger, van der Grift & Clevenger, 2011) . While roadkill data are yet to be used in South African road planning, related concerns include gathering roadkill data (in the form of species inventories), undertaking risk assessments, identifying, developing and implementing relevant mitigation strategies, and raising awareness with transportation and planning agencies.
Currently, no significant safeguards have been applied to mitigate the impacts of roads on wildlife. South Africa is fundamentally different to Europe and North America in its faunal diversity, landscapes and geography, density of roads and humans, and funding and support for road ecology research and mitigation. However, the information and lessons learned in developed countries can be implemented and adapted in order to develop unique African solutions.
A balance between the need for an efficient transport network, improved road safety for motorists and a sustainable environment is a challenge facing most developing nations. This commitment will require financial resources and a legislative framework to support the implementation of mitigation measures. 
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